A chelating resin, cross-linked chitosan modified with the glycine moiety (glycine-type chitosan resin), was developed for the collection and concentration of bismuth in aquatic samples for ICP-MS measurements. The adsorption behavior of bismuth and 55 elements on glycine-type chitosan resin was systematically examined by passing a sample solution containing 56 elements through a mini-column packed with the resin (wet volume; 1 ml). After eluting the elements adsorbed on the resin with nitric acid, the eluates were measured by ICP-MS. The glycine-type chitosan resin could adsorb several cations by a chelating mechanism and several oxoanions by an anion-exchange mechanism. Especially, the resin could adsorb almost 100% Bi(III) over a wide pH region from pH 2 to 6. Bismuth could be strongly adsorbed at pH 3, and eluted quantitatively with 10 ml of 3 M nitric acid. A column pretreatment method with the glycine-type chitosan resin was used prior to removal of high concentrations of matrices in a seawater sample and the preconcentration of trace bismuth in river water samples for ICP-MS measurements. The column pretreatment method was also applied to the determination of bismuth in real samples by ICP-MS. The LOD of bismuth was 0.1 pg ml -1 by 10-fold column preconcentration for ICP-MS measurements. The analytical results for bismuth in sea and river water samples by ICP-MS were 22.9 ± 0.5 pg ml -1 (RSD, 2.2%) and 2.08 ± 0.05 pg ml -1 (RSD, 2.4%), respectively.
Introduction
Bismuth has been used in medicines, cosmetics and semiconductors, and it has essential roles in the fields of industrial and biological studies. In order to elucidate the behavior of bismuth in aquatic media, the development of analytical techniques for the determination of bismuth at ppt levels (1 ppt = 1 pg ml -1 ) in aquatic samples is significant. Some analytical techniques, such as spectrophotometry, FAAS (flame atomic absorption spectrometry), GFAAS (graphite furnace atomic absorption spectrometry), ICP-AES (inductively coupled plasma atomic emission spectrometry) and ICP-MS (inductively coupled plasma mass spectrometry), were used for its measurement. A spectrophotometric technique could be applied to the measurement of bismuth at concentrations of more than the ppm level (1 ppm = 1 μg ml -1 ). 1, 2 On the other hand, FAAS, GFAAS and ICP-AES were used for measurements of bismuth at ppb levels (1 ppb = 1 ng ml -1 ); these LODs (LOD, limit of detection) are 1, 10 and 1 ng ml -1 , respectively. 3 Therefore, these analytical techniques are not suitable for the determination of bismuth at several ppt levels in water samples, such as seawater and river water. An ICP-MS technique is one of the most powerful analytical methods for the determination of trace bismuth, whereas high concentrations of matrices, such as Na, K, Mg and Ca, in seawater can cause serious damage to the mass spectrometer of an ICP-MS system, and the deposition of matrix constituents on the sampler and skimmer cones of the spectrometer, which can seriously affect the accuracy of the analytical results. 4 In order to overcome these serious problems, pretreatment methods based on coprecipitation, chelating resin and solvent extraction have been widely employed for eliminating matrices and preconcentrating of trace bismuth so far. [5] [6] [7] [8] [9] [10] [11] However, it is difficult to develop effective techniques for eliminating matrices and preconcentrating trace bismuth. Several researchers have reported the use of an ion-exchange resin and a chelating resin for the separation and concentration of trace amounts of bismuth. [12] [13] [14] They have been applied to the determination of bismuth by ICP-MS, ICP-AES and FAAS, whereas these analytical procedures did not have sufficient sensitivity for the determination of bismuth at several ppt levels in river water samples; these LODs were above 10 pg ml -1 . Other researchers proposed preconcentration methods of trace amounts of bismuth using a newly synthesized chelating resin possessing both phosphonate and dithiocarbamate, as well as amino groups. 15, 16 These resins can adsorb bismuth and several metals only at a neutral pH region.
Chitosan resins are considered to be suitable for the collection and concentration of ionic species in aquatic media, because the rate of adsorption of ionic species on chitosan resins is faster in aqueous media, which is due to the hydrophilicity of the chitosan resin. 17 In our previous work, we synthesized DTC-type chitosan resin (cross-linked chitosan modified with the dithiocarbamate moiety). 18 Bismuth adsorbed on the resin could not be recovered, even by using a high concentration of nitric acid as an eluent. The resin can adsorb Bi(III) too strongly by the chelating mechanism.
In this work, the authors synthesized newly and simply a chelating resin possessing glycine moieties through only 2 steps, by using a cross-linked chitosan as a base material. The adsorption behavior of bismuth, as well as 55 elements in aquatic media on the resin was examined with a mini-column treatment. The column treatment method was examined prior to removal of the matrices and the preconcentration of trace bismuth in water samples for ICP-MS measurements.
Experimental

Reagents and chemicals
The chitosan used was in a flake form, the deacetylated degree of which was about 80%. It was purchased from Tokyo Kasei Co. Ltd. (Tokyo, Japan). All other reagents used for the synthesis of glycine-type chitosan resin were of analytical reagent grade.
A stock solution of an analytical standard for 56 elements was prepared by diluting single-element standard solutions for atomic-absorption spectrometry (1000 μg ml -1 , Wako Pure Chemicals, Osaka, Japan), and a multi-elements standard solution for ICP-MS provided by Spex CertiPrep Inc. (Metuchen, NJ, USA). This stock solution was diluted just before a column treatment with 0.1 M nitric acid to give 10 ng ml -1 of elements, followed by ICP-MS and ICP-AES measurements. Accurate dilution of the standard solutions was carried out by weight. Ultrapure-grade nitric acid (60%; density, 1.38 g ml -1 ; Kanto Chemicals, Tokyo, Japan) was used throughout the experiment, and was diluted with ultrapure water. Acetic acid (minimum 96%) and ammonia water (29%) used for preparing an ammonium acetate solution were of an electronic industrial reagent grade (Kanto Chemicals). Ultrapure water (18.3 MΩ cm -1 resistivity), prepared by an Elix 3/Milli-Q element system (Nihon Millipore, Tokyo, Japan), was used throughout.
Synthesis of glycine-type chitosan resin
The cross-linked chitosan (particle size, 100 -300 μm) with EGDE (ethyleneglycoldiglycidylether) was synthesized in a similar manner to our previous work. 19 A glycine moiety was introduced to the cross-linked chitosan in two steps as shown in Fig. 1 . First, the cross-linked chitosan (5 g) was suspended in a mixture of ultrapure water (50 ml) and ethanol (50 ml); then, (chloromethyl)oxirane (10 g) was added to the suspension, and the mixture was refluxed for 3 h. After the reaction, the product was filtered and washed each 3 times with ethanol and with ultrapure water to remove any residual reagents. Secondly, the product and glycine (15 g) were suspended in dioxane (100 ml). After 1 M NaOH (40 ml) was added to it, the mixture was refluxed for 6 h. After the reaction, the final product was filtered and washed each 3 times with ethanol and with ultrapure water. The IR (infrared) spectra of glycine-type chitosan resin, compared with that of the cross-linked chitosan resin, depicted an additional band at 1744 cm -1 . These seem to originate from the ligand moiety, and are characteristic of carboxylate group vibration of the glycine moiety.
Apparatus
An ICP-MS system used for measuring 56 elements was a Model SPQ 8000H (Seiko Instruments Co., Chiba, Japan). An ICP-AES system used for measuring Na, Mg, K and Ca was a Model Vista-PRO (Seiko Instruments Co.). The operating conditions are summarized in Table 1 . IR spectra (4300 -500 cm -1 ) were taken by the KBr pellet method using an FT/IR-5000 spectrometer (JASCO Co., Tokyo, Japan). An automatical titration system used for acid-base titration to estimate the pKa value of the resin was a Model AT-310J (Kyoto Electronics Manufacturing Co., Kyoto, Japan), which measured the titration curve and the differentiation curve by using a pH meter and an automatical bullet.
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ANALYTICAL SCIENCES OCTOBER 2007, VOL. 23 Procedures for a column pretreatment with glycine-type chitosan resin Before a column pretreatment, glycine-type chitosan resin was cleaned up to remove any residual metallic impurities in the resin, as follows: 20 ml of wet resin was transferred into a 100 ml plastic beaker, containing 80 ml of 3 M nitric acid, which was carefully stirred at a low speed for 6 h. The resin was then filtered, and rinsed with ultrapure water.
The column procedure was similar to that used in our previous work. 20 The resin (wet volume, 1 ml) was packed in small-sized polypropylene columns (mini-column: 1 ml of volume, 5.0 i.d. × 50 mm, Muromachi Chemical, Kyoto, Japan), which were used to examine the collection and concentration of 56 elements on the resin. For washing resin packed in a mini-column (1 ml), each 10 ml of 1 M nitric acid and the ultrapure water was passed through the columns. Then, 5 ml of a conditioning solution (pH 1 -2, 0.1 M and 0.01 M nitric acid; pH 3 -7, 0.5 M ammonia-acetate solution) was passed through the column for pH conditioning of the column. Sample solutions (10 ml), whose pHs were adjusted with the conditioning solution, were passed through the columns. Then, a 5-ml aliquot of rinsing solutions (pH 1 -2, 0.1 M and 0.01 M nitric acid; pH 3 -7, 0.2 M ammonia-acetate solution) was passed through each column to remove any matrix ions remaining on the resin, such as alkali and alkaline earth metal ions. Then, 5 ml of ultrapure water was passed through it to rinse the remaining components of the rinsing solution in the column. Finally, each 10-ml portion of 3 or 1 M nitric acid was passed through the column to recover the bismuth or the other elements adsorbed on the resin, respectively. The elements in these effluents were measured by ICP-MS and ICP-AES. In the case of the determination of bismuth with 10-fold preconcentration, 100 ml of the sample solution was passed through the column, and 3 M nitric acid (10 ml) was used prior to the elution of Bi(III) adsorbed on the resin. In the case of a 100-fold preconcentration, 10 ml of the eluent was evaporated to dryness and dissolved in 1 ml of 1 M nitric acid. Then, it was measured by ICP-MS.
Procedures for acid-base titration
Glycine-type chitosan resin (wet volume, 1 ml) was suspended in a mixture of 2 ml of 0.1 M hydrochloric acid and 28 ml of ultrapure water. The mixture was stirred and titrated with a 0.10 M NaOH solution. The titration rate was maintained at about 0.05 ml min -1 . Figure 2 shows the results of acid-base titration for the glycine-type chitosan resin. The first end point (A) is attributed to the neutralization of hydrochloric acid added in the initial step of titration. The second endpoint (B) corresponds to neutralization of the carboxyl group in the resin. The titration graph shows the buffering region from A to B. The pKa value (6.2) was calculated from the differential curve. The pKa values of a carboxyl group of commercially available cation-exchange resins of the weak acid type, such as Amberite IRC50 and Amberite IRC76, are 5.6 and 6.1, respectively. Therefore, the obtained pKa value (6.2) is attributed to that of the carboxyl group of the glycine moiety introduced to the cross-linked chitosan. To neutralize the carboxyl group, 0.9 ml of 0.10 M NaOH was used, as shown in Fig. 2 , which means that 0.09 mmol of the carboxyl group exists in 1 ml (wet volume; dry weight, 0.19 g) of the glycine-type chitosan resin. Figure 3 shows the adsorption capacity of Cu(II) on the glycine-type chitosan resin. The amount of Cu(II) in the working solution was in large excess to the amount of the glycine moiety contained in 1 ml of the resin. In general, Cu(II) can form stable chelates with various chelating reagents. In this experiment, the adsorption capacity of Cu(II) was 0.10 mmol ml -1 . The adsorption capacity of Bi(III) was not obtained under the same condition, because a high concentration of Bi(III) was easy to precipitate. The quantity of the carboxyl group in glycine-type chitosan resin, calculated from the results of the titration, were 0.09 mmol in 1 ml of the resin. Considering the quantity (mmol ml -1 ) of Cu(II) adsorbed on it and the quantity (mmol ml -1 ) of the carboxyl group in it, Cu(II) forms chelates of 1 to 1 (metal to glycine moiety). Therefore, metal ions can form chelates with the carboxyl group and the amino group of the glycine moiety and the residual amino group of cross-linked chitosan. The glycine-type chitosan resin had sufficient capacity for the collection and concentration of trace-metal ions for the ICP-MS measurement. Figure 4 shows results obtained for the adsorption and recovery of each 10 ng ml -1 of 56 elements in the pH region 1205 ANALYTICAL SCIENCES OCTOBER 2007, VOL. 23 ) of Cu(II) adsorbed on glycine-type chitosan resin at pH 3. Resin, 1 ml; concentration of Cu(II), 0.1 M; volume of Cu(II) solution, 100 ml. from 1 to 7 with the glycine-type chitosan resin. The adsorption behavior of 56 elements on it was examined by using the standard column procedure. The resin could adsorb some cationic and anionic species in aqueous solutions. Most of the elements adsorbed on the resin were efficiently recovered with 10 ml of 1 M nitric acid as an eluent. Especially, Bi(III) was strongly adsorbed on the glycine-type chitosan resin over a wide pH region. The elution efficiency of Bi(III) with nitric acid was examined by using various concentrations of nitric acid, 1 -4 M. As a result, the effective recovery for Bi(III) adsorbed on the resin was achieved quantitatively with 10 ml of 3 M nitric acid as an eluent. The eluent, 3 M nitric acid, was used in following experiments.
Results and Discussion
Fundamental characteristics of glycine-type chitosan resin
Adsorption behavior of 56 elements on glycine-type chitosan resin
The glycine-type chitosan resin could adsorb some cationic metal ions, such as Co(II), Ni(II), Cu(II), Zn(II), Ga(III), Ag(I), Cd(II), Pb(II) and lanthanoid(III), at a higher pH region. Such cationic species might be adsorbed on the resin by the chelating mechanism with the carboxyl group and the amino group of the glycine moiety and the residual amino group of the cross-linked chitosan as a base material. On the other hand, anionic oxoanions, such as Ti(IV), V(V), Mo(VI) and W(VI), might be adsorbed by the anion-exchange mechanism with the protonated amino groups of the glycine moiety and cross-linked chitosan. Especially, Bi(III) could be adsorbed on the glycine-type chitosan resin over a wide pH region from acidic to neutral. Bismuth could be adsorbed even at acidic pH, and recovered with 3 M nitric acid as an eluent effectively.
Application of glycine-type chitosan resin to the determination of bismuth in water samples
In the case of an ICP-MS measurement, the matrices can interfere with the determination of trace elements. High levels of the matrix components can also cause serious damage to the mass spectrometer: the deposition of matrix constituents on the sampler and the skimmer cones on the spectrometer can seriously affect the accuracy of the analytical results. Seawater contains high concentrations of matrices, such as Na, K, Mg and Ca. Therefore, such matrices must be removed from the sample solutions prior to an ICP-MS measurement. On the other hand, bismuth is present at several ppt levels in river water, which is difficult to be determined directly by ICP-MS. Therefore, preconcentration is necessary for the determination of bismuth in river water samples by ICP-MS. An accurate ICP-MS measurement requires the separation of high concentrations of matrices and the preconcentration of trace bismuth.
In this study, mini-columns packed with the glycine-type chitosan resin were used for the pretreatment of seawater samples. Glycine-type chitosan resin could adsorb Bi(III) in a standard sample at pH 2 -6, whereas the recovery of Bi(III) in artificial seawater was not good at pH 2. Especially, the resin could adsorb trace Bi(III) in an artificial seawater containing a high concentration of matrices, such as Na, K, Mg and Ca, even at pH 3. Therefore, the column condition was adjusted to pH 3 in the following experiments. Table 2 gives the results obtained for the removal of major elements, such as Na, K, Mg and Ca, in artificial seawater at pH 3 with glycine-type chitosan resin. The resin could adsorb Bi(III)
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ANALYTICAL SCIENCES OCTOBER 2007, VOL. 23 quantitatively at pH 3, whereas almost all of the alkali and alkaline earth metal ions could be eliminated by a column pretreatment with a rinsing solution and ultrapure water. The proposed column pretreatment is useful for an accurate determination of trace bismuth by ICP-MS. Table 3 gives the results obtained for examining the effect of bismuth present at various concentrations in the sample solutions on the recovery of Bi(III) with 10 ml of 3 M nitric acid as an eluent. In wide concentration ranges of Bi(III) from 0.01 to 10 ng ml -1 , the glycine-type chitosan resin could adsorb bismuth quantitatively. Table 3 also gives the results of a recovery test using a 10-fold preconcentration method. In order to determine bismuth present at ppt levels in water, the 10-fold preconcentration of bismuth with glycine-type chitosan resin was examined. It is noteworthy that bismuth at several ppt levels, which can not be determined directly even by ICP-MS, can be determined by utilizing the 10-fold preconcentration method. Much higher 100-fold preconcentration was also examined; a 100-ml of sample and 10 ml of an eluent (3 M nitric acid) were used; the eluent (10 ml) was evaporated and dissolved in 1 ml of 1 M nitric acid. The recovery values and LOD were 100.3 ± 1.7% and 0.03 pg ml -1 , respectively. A higher preconcentration procedure may also be useful for the determination of ultratrace amounts of bismuth at the sub-ppt level by ICP-MS. In the case of the determination of bismuth in river water, the 10-fold preconcentration method is useful for reducing the time-consuming pretreatment.
The accuracy of the method for the determination of trace amounts of bismuth in seawater was assessed by analyzing a real seawater sample. The results are given in Table 4 . A trace amount of Bi(III) at a similar concentration to Bi(III) present in real seawater was added to the real seawater before the column pretreatment procedure. The recovery tests for Bi(III) added are given in Table 4 , showing a sufficiently high recovery and the high reliability of this column method. The preconcentration procedure with the mini-column was also applied for the determination of Bi(III) in the real river-water samples. The result obtained by 10-fold preconcentration with glycine-type chitosan resin was 2.08 ± 0.05 pg ml -1 . A trace amount of bismuth at a similar concentration to bismuth present in a real river-water sample was added to the real river water before the column preconcentration procedure with glycine-type chitosan resin. The recovery of Bi(III) added is given in Table 4 , showing sufficiently high recovery.
The proposed concentration (10-fold preconcentration) method, whose LOD was 0.1 pg ml -1 , was successfully applied to the determination of trace bismuth in river water samples. The proposed column method is suitable for the elimination of matrices and the concentration of bismuth by the ICP-MS measurement.
Conclusions
In this work, a novel chelating resin, glycine-type chitosan resin, was developed for the collection and concentration of trace Bi(III) in aquatic samples. Also, the adsorption behavior of 56 elements on the resin was investigated with a column treatment method. The main advantages of glycine-type chitosan resin are as follows: (1) Bi(III) can be quantitatively adsorbed on the resin, even at acidic pH, and recovered with 3 M nitric acid as an eluent; (2) a large amount of alkali and alkaline earth metal ions in seawater can be eliminated in the proposed column procedure with mini-column (wet volume of the resin: 1 ml); (3) Bi(III) at low concentrations can be readily concentrated by the column method; and (4) trace amounts of Bi(III) in aquatic samples, such as sea and river water, can be accurately determined by ICP-MS.
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